Abstract: Attosecond pump-probe measurements are typically performed by combining attosecond pulses with more intense femtosecond, phase-locked infrared (IR) pulses because of the low average photon flux of attosecond light sources based on high-harmonic generation (HHG). Furthermore, the strong absorption of materials at the extreme ultraviolet (XUV) wavelengths of the attosecond pulses typically prevents the use of transmissive optics. As a result, pump and probe beams are typically recombined geometrically with a center-hole mirror that reflects the larger IR beam and transmits the smaller XUV, which leads to an annular beam profile of the IR. This modification of the IR beam can affect the pump-probe measurements because the propagation that follows the reflection on the center-hole mirror can strongly deviate from that of an ideal Gaussian beam. Here we present a detailed experimental study of the Gouy phase of an annular IR beam across the focus using a twofoci attosecond beamline and the RABBITT (reconstruction of attosecond beating by interference of two-photon transitions) technique. Our measurements show a Gouy phase shift of the truncated beam as large as 2π and a corresponding rate of 50 as/mm time delay change across the focus in a RABBITT measurement. These results are essential for attosecond pump-probe experiments that compare measurements of spatially separated targets.
Introduction
To date most attosecond pump-probe measurements combine extreme-ultraviolet (XUV) attosecond pulses with a few-femtosecond phase-locked infrared (IR) pulse [1, 2] . Fundamental fast processes such as photoemission can be resolved for the first time [3] [4] [5] [6] [7] [8] [9] [10] . The most common techniques to unravel the attosecond dynamics are either based on attosecond streaking [11, 12] or on RABBITT (Reconstruction of Attosecond Beating By Interference of Two-photon Transitions) [13, 14] . However both measurement techniques only give access to relative time delays and have different trade-offs [15] . Relative photoemission time delays have been measured between two different initial states of the same target [5, 6, 16] or between different gas targets [8] , for which better accuracy is obtained with coincidence measurements [9] . Alternatively, one can use a second spatially separated target to recalibrate the measurement and obtain absolute photoemission delays [17, 18] . This approach makes it possible to study a wider range of ultrafast dynamics in gas, molecular and solid targets [19] [20] [21] . Depending on the kind of physical system under investigation, the target under test is either placed consecutively in close proximity to the reference target within the same focus [19] [20] [21] or spatially separated in a second focus using refocusing optics after a first focus for the reference target [ Fig. 1 ] [22] . Such attosecond measurements would greatly benefit from more precise and more accurate temporal calibration below 10 attoseconds. This makes it essential to better understand the wavefront properties of the pump and probe beams along the spatially separated targets.
As a beam experiences a phase shift across the focus (Gouy phase shift) [23] , the phase contribution introduced through the relative position of the targets within the focus becomes essential in phase-sensitive measurements. This phase shift directly impacts the measured time delay because phase and delay are linked via an energy derivative. One approach is to simply avoid the Gouy phase by placing the target sufficiently far away from the focus [13] . This also minimizes any possible averaging effect induced by a rapidly varying Gouy phase across the extended interaction volume probed in the experiment. For an ideal Gaussian beam, 50% of the total Gouy phase shift occurs within one Rayleigh range, with much slower phase evolution outside. However, in attosecond pump-probe experiments that combine the IR and the attosecond pulses geometrically, the IR beam can strongly deviate from a theoretical Gaussian shape. Such geometric beam combining is typically used because no suitable beamsplitters or dichroic optics are available for the XUV spectral region. A very common geometrical beam recombination scheme is to use a mirror with a center hole, for which the smaller XUV beam is transmitted through the center, while the larger IR beam is reflected on the outer mirror part. This produces an annular IR beam profile with a considerably different Gouy phase compared to an ideal Gaussian beam [24] .
Previously it has been predicted by Chang [24] and measured by Lindner et al. [25] and Shivaram et al. [26] that the Gouy phase shift of a truncated few-cycle IR beam can be significantly larger than the π-shift of a Gaussian beam. Here, we used the RABBITT technique in a setup with two spatially separated foci to perform a detailed study of the Gouy phase shift of an annular IR beam produced by the reflection on a center-hole mirror. Our results show a Gouy phase shift of more than 2π and a corresponding rate of 50 as/mm time delay change across the focus in a RABBITT measurement. The result does not depend on the probing harmonic energy and shows that a precise calibration with a proper control of the target positions is mandatory in attosecond photoemission delay measurements with spatially separated targets. Our work demonstrates the feasibility of more precise attosecond pumpprobe experiments, which can access absolute photoemission delays if combined with a proper choice of reference system.
Setup
A detailed description of the setup used in the experiment can be found in reference [22] . We used IR laser pulses with energy of up to 430 μJ, 25-fs time duration, a center wavelength of 790 nm and a pulse repetition rate of 1 kHz [ Fig. 1] . A beamsplitter divides the IR beam into two parts. The strongest part (80%) of the IR beam is focused into a gas cell filled with argon for high-order harmonic generation (HHG). The emitted XUV spectrum consists of odd harmonics of the IR beam covering the energy range between 25 and 55 eV (harmonics 17 to 33). A 100-nm thick aluminum filter blocks the residual IR beam after HHG. The weaker part (20%) of the initial IR beam follows a delay path before being recombined with the XUV light on a center-hole mirror. The XUV beam propagates through the hole while the mirror reflects the IR beam. The combined collinearly propagating beams after the center-hole mirror are then focused with a toroidal mirror into the first reference target interaction chamber with a neon gas target and a time-of-flight spectrometer (ToF). After this first target, a toroidal mirror makes a 1:1 image of the first focus into a second interaction chamber, which has also a neon gas target and a second ToF to fully characterize the absolute temporal accuracy of the setup.
The insets (a) and (b) in Fig. 1 show the beam profiles of the IR beam measured in the two foci. Inset (c) illustrates a cut through the second focus. It is clearly visible that the profile (red line) deviates strongly from a Gaussian fit (blue dashed line). The beam radius of the Gaussian fit is 47.9 μm, which would correspond to a Rayleigh length of 9.1 mm. The second gas target together with its ToF spectrometer can be moved along the beam propagation direction, which allows for RABBITT measurements over a propagation distance of 40 mm around the focus. The exact position of the IR beam focus in the second chamber has been determined by recording strong-field ionization yields from ethylene, a molecule with low ionization potential. If the few-femtosecond IR pulse is intense enough, the molecule is ionized via above-threshold-ionization (ATI). As shown in Fig. 2 , the integrated ATI yield strongly depends on the z-position of the target. We determined the focus position of the IR beam at the maximum total electron yield. As we will see later, this point is in full agreement with the position where the Gouy phase goes through zero. Fig. 1 . Schematic of the two-target attosecond beamline with high-order harmonic generation (HHG), the attosecond/femtosecond interferometer and the two-foci geometry [22] . A defocusing mirror in the delay path matches the wavefronts of the IR and XUV on the centerhole mirror. The second gas target and time-of-flight (ToF) spectrometer can be moved together along the beam propagation direction. The insets (a) and (b) show the measured IR beam profile in the first (a) and second (b) focus. Inset (c) shows a cut of the second focus illustrated red in (b). The red curve is the beam profile and the blue dashed line a Gaussian fit. 
Phase measurement
An example of two RABBITT traces recorded simultaneously in the two target regions is shown in Fig. 3 . During the temporal overlap of the XUV pump and IR probe beam, oscillating sidebands appear in the photoelectron spectrum between the peaks, which originate from direct ionization via absorption of a harmonic photon. Each of these sidebands (SBs) is the result of the interference between two distinct two-photon, two-color ionization pathways. The sideband of order 2q originates either from the absorption of a photon from the harmonic 2q-1 and an additional IR photon, or from the absorption of a photon from the harmonic 2q + 1 and the emission of one IR photon [13, 14] . In the framework of the secondorder perturbation theory, the SB oscillation can be described as follows:
where IR ω is the IR frequency, τ is the pump-probe delay. 2q
Φ is the total SB phase and corresponds to the phase directly measurable in the experiment. This total phase can be further decomposed into different terms: Usually the term of physical interest is the atomic term, since it is related to the photoionization process in the target under test. However here in our experiment we want to investigate how IR ϕ changes along the focus. By using the same gas target in the two foci we assure that the atomic contribution is identical in the two interaction regions, . By looking at the phase difference between two simultaneously acquired RABBITT traces we thus estimate the Gouy phase of the IR pulse (up to a constant offset):
where (1) 2q Φ and (2) 2 ( ) q z Φ represent the phase extracted from the oscillation of the SB with order 2q in the first and second ToF spectrum, respectively, and 0 ϕ  is a constant phase offset due to the choice of target position in the first chamber. To extract 2 ( ) q z Φ from the experimental traces we looked at the product between the Fourier transform of a particular SB signal in the first chamber [ Fig. 3(c) ],
2 ( ) q SB ω  , and the complex conjugate of the same quantity extracted from the second ToF spectrum, Fig. 3(d) ; for further details see supplementary material of [28] ):
. (1) and (2)]. This is true if no significant distortion is induced in the harmonics by the refocusing toroidal mirror and if the variation of the Gouy phase of the XUV light with the harmonic order is negligible. To quantify this statement more precisely, we plot the relative phase difference 2 ( ) q z ΔΦ as a function of the SB order for several measurement points along the focus [ Fig. 4(b) ]. By comparing Fig. 4(a) with Fig. 4(b) we can show that taking the difference between the two target phases removes efficiently the attochirp. Therefore, we can conclude that the refocusing toroidal mirror in our two-foci setup does not introduce any energy-dependent delay on the harmonics. As a consequence, it is justified to assume an energy-independent propagation delay between the two spatially separated target regions. Furthermore, we can conclude that the attochirp is removed by taking the phase difference between the two spatially separated targets, independent from the exact position of the second target. The fact that we did not observe any energy dependence of the phase difference 2 ( ) q z ΔΦ also supports our assumption that the Gouy phase of each harmonic does not significantly affect the phase difference 2 ( ) q z ΔΦ and thus any spatial dependence of this quantity can be ascribed solely to the IR Gouy phase. If we use this expression to fit our data, we find A = 2.45 ± 0.37 and z R = 32.7 ± 6.8 mm [ Fig. 5(b) ]. We can conclude as follows:
1) The Rayleigh length z R is substantially larger than the one extracted from an ideal Gaussian fit of the IR beam profile (z R = 9.1 mm). As shown in the setup description [ Fig. 1 ] our IR beam reflected from a center-hole mirror deviates strongly from a Gaussian beam profile. Furthermore our IR beam experiences some astigmatism. As we demonstrated, the variation of the Gouy phase along the beam propagation direction z is still considerable even a few centimeters away from the focus.
2) The large pre-factor A shows clearly that the Gouy phase shift of a beam reflected on a center-hole mirror strongly deviates from the one of a beam with a Gaussian profile and cannot be simply neglected [ Fig. 5(b) ].
Equivalent photoionization delays
In attosecond pump-probe spectroscopy the spectral phase of an electron wave packet (EWP) contains time information about the system under test. In the photoemission process for example, the EWP experiences a phase offset depending on the initial state. The energy derivative of the phase corresponds to a group delay and therefore a relative phase offset between EWPs emitted from different initial states reveals directly the relative photoemission delay between them [5] as long as the continuum does not contain any resonances [9] . As the SB phase of a RABBITT measurement corresponds to a sum of phase differences [Eq. (1)], it is possible to directly obtain the photoemession delay associated with the two-color, two- 
Conclusion
In conclusion, we performed a detailed study of the Gouy phase of an annular IR beam, using our two-foci measurement setup in combination with the RABBITT technique. Our results show that the corresponding Gouy phase experiences a shift of more than 2π across the focus, which exceeds by far the π-shift expected for an ideal Gaussian. The Gouy phase contribution still varies significantly even a few centimeters away from the focus. This has two main consequences: (i) in contrast to ideal Gaussian beams, it is not possible to find a spatial region away from the focus where the Gouy phase variation is negligible. Any individual measurement will be affected by the changing IR phase for a detector integrating over the interaction volume.
(ii) A spatially dependent IR phase translates into an additional phase or time delay between two spatially separated targets. As in the case of our double foci setup, this applies also to measurements of spatially separated targets within a single focus. We showed that the effect of the Gouy phase can correspond to additional 50 as/mm time delays around the focus in a RABBITT experiment for our typical beam geometry using a center-hole mirror to collinearly recombine the IR and XUV beams in attosecond pump-probe measurements. If not properly taken into account, this can prevent a reliable calibration and thus the extraction of physical meaningful attosecond delays in photoemission.
Our results show that a precise positioning of the target in the focus is essential for highly accurate time delay measurements. A proper calibration of the Gouy phase of the IR field across the focus together with a suitable choice of the reference target will support better calibration for absolute time delays in attosecond pump-probe measurements using IR and XUV pulses.
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